Plain language summary
======================

Lens cataract surgery is performed using a phacoemulsification (phaco) machine which relies on ultrasound. This process allows the surgeon to break up and safely remove the cataract before inserting a new artificial lens. There are various settings on the machine, including adjustments for power (0%--100%). Excessively high power has the potential to damage fragile eye tissue surrounding the lens. With this in mind, knowing what level of power is most effective can equip cataract surgeons with optimal efficiency and maximum safety for their patients. Identifying the optimal power level is the purpose of this study. Our team obtained over 80 pig lenses and fixed them with formalin to resemble the hardness of cataract lenses. We then divided each lens using phaco at 40%, 70%, and 100% power, measuring how long it took for complete division. Results indicate that efficiency increases from 40% to 70% power, but does not increase at higher levels. The general trend we found in this study suggests that cataract surgeons need not exceed 70% phaco power, since higher levels do not improve efficiency and may increase risk to patients.

Introduction
============

Cataracts are a surgically correctable cause of vision loss. During cataract surgery surgeons commonly carve a central groove into the lens to enable division of the lens into smaller pieces that can be removed by the phacoemulsification (phaco) handpiece. A new artificial, intraocular lens (IOL) replaces the opacified crystalline lens in order to restore vision and focusing power. During the grooving step, various settings can be adjusted to allow for an optimal and efficient surgery. These settings include the aspiration flow rate, level of vacuum at the tip, and magnitude of ultrasound energy. A previous series of studies have determined the optimal settings for lens removal during the quadrant removal portions of the surgery.[@b1-opth-13-611]--[@b26-opth-13-611] However, the optimal settings for the grooving step, the initial step of phaco, have not yet been elucidated.

This study is the second in a series that will determine the optimal settings for nucleus grooving. The first study found the optimal aspiration flow rate was 40 mL/min.[@b27-opth-13-611] This study now examines optimal longitudinal power using a porcine lens model developed in our laboratory.

Methods
=======

Porcine lens preparation
------------------------

Lenses obtained from whole pig eyes (Visiontech, Inc., Sunnyvale, TX, USA) were dissected within 48 hours of arrival at the laboratory where the procedures were conducted; immediately thereafter, the nuclei were incubated at room temperature, in 10 mL of 10% neutral buffered formalin, for 2 hours. They were rinsed three times in balanced salt solution (BSS) over 24 hours in order to increase the formalin's hardening effect uniformity. Previous studies have determined that lenses prepared in this manner are comparable to hard (3--4+) human cataract lenses in terms of their density and behavior.[@b28-opth-13-611]

Experimental procedure
----------------------

The phaco experiments were performed with the Centurion Vision System with an Ozil handpiece (Alcon Laboratories, Inc., Fort Worth, TX, USA), using only longitudinal phaco set at 40%, 70%, and 100% for the three different arms of the study.

Twenty-four hours later, nuclei were randomly selected and individually placed in the "groover", a small plastic chamber specifically developed in our lab to simulate the anterior chamber anatomy of the eye during the grooving step of phacoemulsification ([Figure 1](#f1-opth-13-611){ref-type="fig"}). This base is pentagon-shaped, with a clear plastic dome on top simulating the cornea and a circular opening at the edge of the dome which is just large enough to permit insertion of the phaco needle, while maintaining a closed system.

For each trial, after a single lens was inserted into the groover and fixed in place by a drop of cyanoacrylate adhesive, a single operator (RST) filled the chamber with BSS and sealed the rubber lid, thereby creating a closed system. The same operator inserted the handpiece through a small hole in the circular rubber piece on the groover front. He then grooved the lens in half, using a handheld stopwatch to measure and record the time from start of phacoemulsification to complete division of the nucleus. A second investigator (BAB) operated a digital stopwatch to time each run. After removing the divided lens, the chamber was cleaned before beginning another run. A third investigator (AAB) provided oversight and input to ensure consistency in performing the grooving procedures.

Statistical analysis
--------------------

Efficiency was defined as the number of seconds that ultrasound was used for lens fragment removal. Efficiency times were averaged and the SDs were calculated. Previous studies[@b1-opth-13-611]--[@b3-opth-13-611],[@b5-opth-13-611]--[@b17-opth-13-611],[@b19-opth-13-611]--[@b22-opth-13-611] considered all data points more than two SDs from the mean as outliers and removed them. Utilizing these same two SDs as cutoff was considered necessary for this study because research shows that outside of two SDs, data points likely represent very hard lenses that require more time to emulsify.[@b28-opth-13-611] One outlier from each arm was removed except for arm 2 (70% power), which had two outliers removed. The remaining efficiency times were averaged and new means were calculated. Finally, efficiency times for each variable longitudinal power setting were compared using one-way ANOVA. When a significant *P*-value was found, Student's *t*-tests were performed to identify distinct relationships between the variables tested. A *P*-value of ≤0.05 was considered significant. Statistical analyses were performed using Microsoft Excel 2016 (Microsoft Corporation, Redmond, WA, USA).

Results
=======

The average time for each lens to be divided with phaco was found for 40%, 70%, and 100% longitudinal power ([Table 1](#t1-opth-13-611){ref-type="table"}). As longitudinal power increased from 40% to 70% to 100%, the average time to groove the lens decreased. At a 40% power setting, the average time was 19.83 seconds, at 70% the average time was 15.25 seconds, and at 100% the average time was 14.92 seconds. Increasing power from 40% to 70% revealed an increase in efficiency of 28% (*P*\<0.05). Increasing longitudinal power from 40% to 100% revealed an increase in efficiency by 32% (*P*\<0.05). There was no statistically significant increase in efficiency from 70% to 100% ([Figure 2](#f2-opth-13-611){ref-type="fig"}).

Discussion
==========

During phacoemulsification, safety and efficiency are paramount. Previous studies have demonstrated that increased total ultrasound energy and on time can potentially increase the risk of damage to fragile eye structures via delivered ultrasound energy, thermal energy, and instrument exposure.[@b29-opth-13-611]--[@b31-opth-13-611] Flow rate, vacuum, and power are settings that can be adjusted to optimize safety and efficiency. Longitudinal power, specifically, can cause cavitation bubbles and free radical formation which may damage the corneal epithelium.[@b32-opth-13-611] Cavitation bubbles are produced at levels around 30%--50% and increase at higher levels.[@b33-opth-13-611],[@b34-opth-13-611] Identifying the most efficient power setting can potentially reduce the unnecessary risk of damage, which is the purpose of this study. Our previous work has identified ideal settings and parameters for quadrant or small particle removal after grooving.[@b3-opth-13-611]--[@b6-opth-13-611] This study is the second in a series seeking to identify optimal settings during the grooving step. The first study determined that for dense nuclei, the flow rate is optimized at 40 mL/min.[@b27-opth-13-611] The data in this study indicate optimal longitudinal power settings at 70% during the grooving stage of cataract surgery when compared to 40% and 100% longitudinal power, and somewhat surprisingly that higher power settings have no additional benefit in this setting. Furthermore, the increase in efficiency in going from 40% to 70% (4.6 seconds) is of relatively small magnitude and may not warrant the increased inherent risk of using higher overall ultrasound energy for such a small time savings.

As this is a new line of research, the reason as to why efficiency does not directly correlate with energy used is not clear. The relationship between power and efficiency is clearly non-linear, as our results show a relative plateau from 70% to 100% power settings. In a previous work evaluating fragment removal, we have theorized that the loss of a linear relationship between power used and efficiency is commonly due to chatter and microchatter events.[@b7-opth-13-611] With the nucleus glued in place, it is hard to posit chatter as the cause; however, possibly the repulsive force still repels the nuclear material enough to result in loss of contact between the tip and the nucleus with a subsequent decrease in efficiency. We will gain better understanding as we delve further into this new line of inquiry.

Limitations
===========

Limitations of this study include the fact that we tested only three distinct longitudinal power settings and one single lens density. It was our goal to evaluate the general trend rather than to prescribe a specific power for uniform clinical use. However, we recognize that it would have improved our precision to test additional power settings between 40% and 100% and different lens densities which would have given a more complete picture of the findings. However, given the lack of data for grooving settings for any lens density, an experimental design with three distinctly different power settings with a single density that is consistent with previous studies investigating phacoemulsification efficiency both informs and allows for a prudent starting point for future evaluations.[@b1-opth-13-611]--[@b3-opth-13-611],[@b28-opth-13-611] In future work, we will evaluate the role of torsional phaco and variability of aspiration and vacuum in the grooving step. We also recognize the limitations of having a single surgeon unblinded to the power setting. Unfortunately, the tactile differences between 40%, 70%, and 100% power are obvious to the surgeon, and blinding to this variable was not possible. The potential for systematic error due to possible insufficient flow may be of concern. A follow-up trial to our previous studies,[@b3-opth-13-611] which would evaluate high flow and vacuum levels, could document that flow rate is not a limiting factor in this study. Another weakness is the in vitro nature of the study. While a clinical trial would be ideal, it is not feasible to perform a number of trials while controlling for all of the individual variables to allow reproducible and reliable data. We believe our study sufficiently replicated the surgical procedure and allowed us to reliably investigate the impact flow would have when grooving in a clinical setting.

Conclusion
==========

For longitudinal phaco, a power of 70% was determined to be the most efficient during the grooving step of cataract surgery when compared to 40% and 100%. Further increases in power demonstrated no statistically significant improvement in efficiency and a small increase in efficiency (4.6 seconds) in going from 40% to 70% power may not warrant the increased risk of the additional ultrasound power used. This is the first series to address the efficiency trends for the grooving phase of phaco, and as we evaluate additional variables, the accumulated data will fill in the gaps of knowledge to date.
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![Aerial view of the groover with lid removed (upper left), front view of the groover (middle left), side view of the groover with the handpiece in (upper right), aerial view of the groover with the handpiece in (lower left), and side view of the groover (lower right). The interior of the chamber measures 16 mm in width, 16 mm in length (from the front to the pentagon's point, which is the back of the chamber), and 16 mm tall.](opth-13-611Fig1){#f1-opth-13-611}
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###### 

Time (seconds) to divide each lens

            40% power   70% power   100% power
  --------- ----------- ----------- ------------
                                    
  Minimum   8.91        16.3        11.88
  Maximum   23.38       18.91       17.48
  Mean      19.83       15.25       14.92
  SD        2.31        1.6         2.16

**Note:** Maximum and mean calculated after removing data points above two SDs.
